To improve the wear resistance of Al coating, the Al-based self-lubricating wear-resistance coatings were fabricated by Low pressure cold spray(LPCS) technology onto Q235 carbon steel. The right amount of hard phase(Al2O3) and a lubricant(MoS2) were added to improve the wear resistance of the nonvel coating. The friction and wear behaviour were carried out using the UMT-3 fricition and wear tester by line-contact reciprocating sliding. The microstructure of coating and corresponding wear traces of these novel Al-based self-lubricating wear-resistant coatings were investigated by means of scanning electron microscopy (SEM), with the energy dispersive spectrum (EDS). The results showed that the average friction coefficient and the weight loss of the novel Al-based composite coatings with the contents of 5wt% MoS2 is lower than Al-Al2O3 composite coating. The novel Al-based composite coating showed an improved wear resistance and the wear mechanism was abrasive and adhesive wear.
Introduction
At present, the commonly used metal protective coating were deposited by thermal spraying, electroplating, electro less plating and plasma micro-arc oxidation techniques. Although these methods can play a protective role, its defect is also very obvious. For example, in thermal spray, the high temperature heat source, such as electric arc, flame, plasma, is easy to make a fair degree of phase transformation, oxidation and grain growth phenomenon, leading to the high porosity, high oxygen content, high heat stress and other defects [1, 2] . Therefore, it is necessary to find new methods and techniques to prepare reliable and convenient high performance coating on the offshore platform, drill and the online production storage.
Since the mid-1980s, cold gas dynamic spray technology has proven to have certain capabilities to patch several disadvantages of thermal spray [3, 4] . In cold spray method, the powder particles(1~50 μm) get accelerated to velocities between 300~1200 m/s in the stream of compressed gas (air, nitrogen or helium) and subsequently the spray particles neither melted nor semi-melted deform and bond with the substrate surface [5, 6] . In the cold spray process, owing to the low spraying temperature, the structure of the feedstock can be preserved after deposition [7] [8] [9] and the deleterious effects inherent to conventional thermal spraying, such as oxidation, composition change, grain growth, can be minimized or eliminated [10, 11] .
It is well known that Al coating can form the inert oxide film with good uniform corrosion resistance. As anti-corrosion coating, aluminum coating has wide appliance prospects. However, aluminum coating itself also had a disadvantage of low strength and hardness, which is difficult to guarantee the long-term safety and service reliability of the equipment. Order to solve this critical problems, in this study, the right amount of hard phase (Al2O3) and a lubricant (MoS2) were added to improve the wear resistance of the novel coating. Correlation between microstructure and tribological behavior of (Al-30vol%Al2O3)-5wt% MoS2 composite coating has been investigated.
Materials and Experimental Method

Microstructural and compositional analysis
The aluminum powder and alumina powder(particle size of 20 μm) will be mechanically mixed with 30 vol% alumina powder; And then blended with the mass fraction of 5% MoS2 powder(particle size of 30 μm). The substrate material was Q235 carbon steel with following chemical composition (wt%): 0.76% C, 0.38% Si, 0.42% Mn and Fe bal.
The low pressure cold spray system DYMET-413 was employed to deposit the individual particles and coatings. The compressed air was used as the working gas, with a driving pressure of 0.68 Mpa and the gas temperature of 30030 o C. The standoff distance of 25 mm from the gun exit to the substrate surface. The nozzle traverse speed and the powder feed rate were set at 20 mm/s and 12 g/min, respectively.
Characterization techniques
The micro hardness was obtained at a load of 200g for holding time of 15s. In order to reduce the systematic errors, the Nano indentations were done on at least 5 different locations by a diamond indenter.
The wear tests were measured using the UMT-3 friction and wear tester by line-contact reciprocating sliding. The 4.00 mm diameter balls made from Chrome steel were used as counterfaces. Sliding wear tests was examined with a load of 5 N, a speed of 3 mm/s, the sliding distance of 10 mm, and a total of wear 10000 times.
Results and Discussions
Microstructural and compositional analysis
The surface and cross-sectional morphologies of the composite coatings with MoS2 additions of 0% and 5% are shown in Figure. 1 and 2. As observed in Figure 1 , (Al-30 vol%Al2O3)-5 wt%MoS2 composite coating has a more smooth surface than Al-30 vol%Al2O3 composite coating and the organization structure is more compact. From Figure 2 , it can be clearly seen that the irregular black particles in the micrographs are the alumina particles. The harder alumina particles embedded into the soften Al and MoS2 and the microstructure of both coatings is more dense. 
Micro hardness
The micro hardness results of the both coatings using HVS-1000 micro hardness tester, as shown in Table 1 . It can be found that the micro hardness of Al-based composite coatings with contents of 0 wt% and 5 wt% MoS2 above 96.1 and 121.2,
μm
Al2O3 100 μm 100 μm respectively. The hardness value of (Al-30 vol%Al2O3)-5 wt%MoS2 composite coating is higher than the hardness of Al-30 vol%Al2O3 composite coating. 
Friction and wear properties
The friction coefficients of both coatings is plotted versus wear time as shown in Figure 3 . It can be clearly seen that the friction coefficient of Al-30 vol%Al2O3 composite coating is higher than that of (Al-30 vol%Al2O3)-5 wt% MoS2. Both Al-based composite coatings were found to have three wear stages: running-in, transition and wear stability. With the increase of wear time, the friction coefficient of Al-30 vol%Al2O3 composite coating rapidly rises, and then occurred a trend of decline and recovery, following substantially stable at round 0.7. After being worn 10000 wear times, the wear mass loss of both coatings reached approximately 1.12 mg and 0.74 mg, respectively. Figure 4a and b present the morphology of the wear tracks of Al-based composite coatings. The worn morphology is accompanied by shallow furrows as a result of abrasion and ploughing. It also can be observed that adhered layers were distributed on the worn traces as a result of the formation of the adhesive oxide film. The breadth of the worn trace is much larger than that of (Al-30 vol%Al2O3)-5 wt%MoS2 composite coating, which denotes material removal. The worn surface of Al-30 vol%Al2O3 composite coating is severe damage, whereas the worn surface of (Al-30 vol%Al2O3)-5 wt%MoS2 composite coating is less damage, which is consistent with the measured weight loss results.. 
Conclusions
Both Al-Al2O3 composite coating and Al-Al2O3-5 wt%MoS2 composite coating have been fabricated by low pressure cold spraying and compared regarding their microstructure and tribological performance. The following conclusions as drawn: a. (Al-30 vol%Al2O3)-5 wt%MoS2 composite coating has a more smooth surface and the microstructure is more compact.
b. The hardness value of (Al-30 vol%Al2O3)-5 wt%MoS2 composite coating is higher than the hardness of Al-30 vol%Al2O3 composite coating.
c. The friction coefficient of Al-30 vol%Al2O3 composite coating is higher than that of (Al-30 vol%Al2O3)-5 wt% MoS2 composite coating. The wear mass loss of both coatings reached approximately 1.12 mg and 0.74 mg, respectively.
d. The wear resistance of (Al-30 vol%Al2O3)-5 wt%MoS2 composite coating was better than that of Al-30 vol%Al2O3 composite coating. The wear mechanism of Al-based composite coatings is abrasive and adhesive wear.
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